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Abstract
Higgs production from gluon fusion is sensitive to the properties of heavy colored fermions and
to the Yukawa couplings, YFMFv , of these particles to the Higgs boson. We compute the two–loop,
O
((
YFMF
v
)3)
contributions of new high mass fermions to Higgs production. In the Standard
Model, these contributions are part of the well-known electroweak corrections and are negligible.
However, in models with TeV scale fermions, such as top partner or composite models, Yukawa
corrections are enhanced by effects of O
((
YFMF
v
)3)
and are potentially significant due to the
large mass of the new quarks. We examine the size of these top partner Yukawa corrections to
Higgs production for parameter choices which are allowed by precision electroweak constraints.
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I. INTRODUCTION
The discovery of a 126 GeV Higgs boson leads to the question of whether this particle is
the single scalar field predicted by the Standard Model, or whether it is the remnant of some
more complicated theory. Composite models [1–3] and models where the Higgs is a pseudo-
Goldstone boson of a broken symmetry such as Little Higgs models [4–7] typically contain
new heavy fermions which are not present in the Standard Model. These fermions can mix
with the observed quarks and contribute to Higgs production and decay. The properties
of new charged −1
3
fermions which can mix with the Standard model b quark are greatly
restricted by measurements of Z → bb decays [8, 9] and so we will concentrate on fermionic
top partners which can mix with the Standard Model top quark. Heavy charged 2
3
fermions
have been searched for at the LHC, and depending on their decay modes, are restricted to be
heavier than 600− 700 GeV [10]. The properties of these potential new heavy fermions are
also strongly constrained both by precision electroweak measurements [11–19], and by the
requirement that the Higgs production rate, gg → H , be close to the measured value [20–25].
Precision measurements of the Higgs production and decay rates offer a window into this
possible new high scale physics, and in this paper we focus on quantifying the predictions
of top partner models.
New heavy fermions can contribute to both gg → H and H → γγ and, because of
the large top partner mass, MF , the Higgs–fermion Yukawa couplings,
YFMF
v
, may generate
large O
((
YFMF
v
)3)
contributions at two loops. We compute the effects of the two–loop
Yukawa couplings of top partners to Higgs production from gluon fusion using the low
energy theorems valid in the MH ≪ 2MF limit [26, 27]. These corrections are part of the
complete two–loop electroweak corrections to Higgs production from gluon fusion. For the
Standard Model, the Yukawa corrections have been known for some time [28, 29] along with
the complete two–loop electroweak corrections [30–33]. The full electroweak corrections are
also known for a degenerate 4th generation of heavy fermions which does not mix with the
Standard Model fermions [34]. The physical top mass, mt = 173 GeV, is not large enough
for the Yukawa corrections to be the dominant contribution to the electroweak corrections,
but for large top masses (say mt ∼ 700 GeV), the Yukawa corrections would become the
most significant contribution to the two–loop electroweak effect. Therefore, in top partner
models where the fermion mass is at the TeV scale, these O
((
YFMF
v
)3)
Yukawa corrections
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may be numerically significant.
Technical details of our calculation are contained in Section II. We begin with a review of
the low energy theorem as applied to the two–loop Yukawa corrections to Higgs production
and include a discussion of renormalization and our technique for expanding two–loop in-
tegrals. We demonstrate the validity of our techniques by reproducing the Standard Model
(SM) result for the Yukawa corrections to gg → H in Section III. Our new results are in
Section IV, where we consider the class of models that contains a top partner which is an
SU(2)L singlet that mixes with the Standard Model top quark. In Section IVD, we discuss
the relevance of our results for Higgs precision measurements and the search for new physics
effects through the measurement of Higgs properties.
II. CALCULATION TECHNIQUES
We are interested in the two–loop O
((
YFMF
v
)3)
contributions to the gluon fusion pro-
duction of a Higgs boson, where F is a heavy quark (MF ≫ MH/2 ) coupling to the Higgs
boson. Since direct searches for top partners require MF > 700 GeV [10], these contribu-
tions can potentially give effects enhanced by powers of MF . The interactions of the heavy
quarks with the Higgs boson are parametrized as,
−LY =
∑
F
M0F
(
1 + Y 0F
H0
v0
)
F
0
F 0 , (1)
where the superscript 0 denotes the unrenormalized values of the parameters. In the Stan-
dard Model, Yt = 1.
A. Low Energy Theorem
We use the low energy theorem to compute the leading contribution in
M2
H
M2
F
to the gg → H
process. For a soft Higgs boson, pH → 0, the amplitudeAgg→H is related to the gluon vacuum
polarization amplitude, Agg = −iΠABµν [26, 35–37],
lim
pH→0
Agg→H = 1
v0
∑
F
Y 0FM
0
F
i∂
∂M0F
Agg . (2)
This is equivalent to inserting an additional heavy-quark propagator with the emission of a
zero-momentum Higgs boson. (We have assumed that we are working with the quark mass
3
eigenstates). The differentiation is performed on the bare masses coming from propagators,
while mass-dependent couplings are to be treated as constants. The renormalization is
performed after taking the derivatives. It is straightforward to extend this approach to loop
corrections to Higgs production [37–43].
At one loop, the gluon polarization tensor ΠµνAB(p
2) is
Πµν 1LAB (p
2) =
α0s
π
δAB
(
gµνp2 − pµpν) [N ]∑
F
{
(M0F )
−2ǫ
[
1
6ǫ
+O
(
p2
(M0F )
2
, ǫ
)]}
. (3)
The amplitude for gg → H from Eq. 2 is,
A1Lgg→H = −
α0s
3πv0
δAB
(
gµνp2 − pµpν) [N ]∑
F
Y 0F (M
0
F )
−2ǫ
≡ ΣFA1L,Fgg→H , (4)
where,
[N ] = Γ(1 + ǫ)(4πµ2)ǫ
ǫ→0−−→ 1 . (5)
and the sum is over all heavy fermions.
B. Techniques for two–loop integrals
We are interested in the two–loop contributions to the gluon two–point function which
are enhanced by powers of the Yukawa couplings and so we neglect the O(g2) contributions
from W and Z exchange. In Landau gauge, the Goldstone bosons are massless and cou-
ple with Yukawa strength to the massive fermions, and so are included in the calculation.
The O
((
YFMF
v
)3)
contributions form a gauge invariant subset of the complete two–loop
electroweak corrections.
Each of the diagrams has a contribution of the form (for external momentum p),
Πµνi (p
2) = aig
µν + bip
µpν . (6)
Gauge invariance requires that
∑
i bi = 0. The coefficients are found by taking contractions
with gµν and pµpν :
ai =
1
d− 1Π
µν
i (p
2)
(
gµν − pµpν
p2
)
, (7)
bi = − 1
p2(d− 1)Π
µν
i (p
2)
(
gµν − dpµpν
p2
)
, (8)
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with d = 4− 2ǫ.
The strategy is to expand the loop integrals in powers of external momentum over the
heavy mass scale in the loop, MF . The numerators of the integrals have the form,
(k1 · p)j(k2 · p)m × (powers of k21, k22, k1 · k2) , (9)
where k1, k2 are the loop momenta. These integrals can be symmetrized using the techniques
in the appendix of Ref. [44] .
In the limit where all the fermions in the loop are much heavier than the external mass
scale (which will generically be of O(p2 ∼M2H)), we can calculate the two–loop integrals by
expanding in powers of p
2
M2
F
and retaining the leading term. Due to the small–momentum
expansion, the integrals that we need to compute are all two–loop vacuum bubbles. If the
Higgs and Goldstone boson interactions do not mix quarks with the same quantum number,
as in the Standard Model and its four–generation extension, the vacuum bubbles only depend
on one heavy mass scale, MF . Their general form is
B (MF ,MF , 0;n1, n2, 1) =
∫
ddk1
(2π)d
∫
ddk2
(2π)d
1
(k21 −M2F )n1(k22 −M2F )n2(k1 + k2)2
. (10)
Explicit expressions for these integrals are given in Refs. [44–47]. Alternatively, one can use
integration by part identities to reduce these integrals to the master integral [44–47]
B (MF ,MF , 0; 1, 1, 1) = −M
2−4ǫ
F
(4π)4
[N ]2
(
1
ǫ2
+
3
ǫ
+ 7
)
. (11)
We obtain these relations with the program AIR [48].
If more quarks with the same quantum numbers are present, and the Higgs and Goldstone
boson interactions mix them, we also have the “off–diagonal” contribution where both the
heavy quarks plus the boson run in the loops. We need the additional two–loop, two–masses
scalar master integral,
B (MF ,MF ′, 0; 1, 1, 1) =
∫
ddk1
(2π)d
ddk2
(2π)d
1
k21 −M2F
1
k22 −M2F ′
1
(k1 + k2)2
, (12)
where MF ,MF ′ are the masses of the two heavy quarks. In the literature the integral with
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three massive lines is known [47],
B (MF ,MF ′, m; 1, 1, 1) =
∫
ddk1
(2π)d
ddk2
(2π)d
1
k21 −M2F
1
k22 −M2F ′
1
(k1 + k2)2 −m2
=
1
2
m2−4ǫ
(4π)4
[N ]2
(1− ǫ)(1 − 2ǫ)
{
− 1
ǫ2
(1 + x+ y) +
2
ǫ
(x ln x+ y ln y)
−x ln2 x− y ln2 y + (1− x− y) lnx ln y − λ2(x, y)Φ(1)(x, y)} .
(13)
The functions λ2(x, y) and Φ(1)(x, y) are
λ(x, y) =
√
(1− x− y)2 − 4xy ,
Φ(1)(x, y) =
1
2λ
{4 Li2(1− z1) + 4 Li2(1− z2) + 4 Li2(1− z3)
+ ln2 z1 + ln
2 z2 + ln
2 z3 + 2 lnx ln z1 + 2 ln y ln z2
}
, (14)
with
z1 =
(λ+ x− y − 1)2
4y
, z2 =
(λ+ y − 1− x)2
4x
, z3 =
(λ+ 1− x− y)2
4xy
, (15)
and x =M2F/m
2, y =M2F ′/m
2. Using this result, we compute the two–loop gluon self energy
retaining the dependence on all three masses. We then take the limit m→ 0.
The virtual two–loop results for g → g depend on the specific model and will be given
later. The two–loop contributions to gg → H from the heavy fermion loops are then found
by applying the low energy theorem of Eq. 2.
C. Renormalization
Renormalization of the gg → H amplitude requires the quark mass and wave function
counterterms, the Higgs wave function counterterm, and the FFg and FFH vertex countert-
erms. The quark wave function renormalization, Z2,F , cancels against other counterterms
and we do not need to compute it explicitly. We briefly review the renormalization of the
quark mass. We start from the bare Lagrangian,
L = F 0(i∂/−M0F )F 0 − g0sF
0
γµtaG0,aµ F
0 . (16)
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The superscript “0” denotes bare fields and couplings which are related to the renormalized
ones by the renormalization constants,
G0,aµ =
√
Z3G
a
µ , F
0 =
√
Z2,FF =
(
1 +
δZ2,F
2
)
F ,
g0s =
Z1
Z2,F
√
Z3
gs , M
0
F = ZMMF =
(
1 + δMF
MF
)
MF .
(17)
With these conventions the FFg vertex is renormalized by Z1 and due to the Ward identities,
Z1 = Z2,F . The quark propagator counterterm is,
δctF = i [(p/−MF )δZ2,F − δMF ] . (18)
We require the renormalized quark propagator −iΣ(MF , p/) (including the counterterms) to
be canonically normalized and to have a pole at the renormalized mass,
Σ(MF , p/ =MF ) = 0 , Σ
′(MF , p/)|p/=MF= 0 , (19)
yielding, at one loop,
δMF = −Σ1L(MF , p/ =MF ) , δZ2,F = Σ′1L(MF , p/)|p/=MF , (20)
where the sum of all the one–loop one–particle irreducible (1PI) insertions into the quark
propagator is denoted as −iΣ1L(MF , p/).
We now turn to the FFH vertex counterterm. The interaction of a fermion F with the
Higgs boson is
LY = −H
0
v0
YFM
0
FF
0
F 0 = − g
0
2M0W
H0YFM
0
FF
0
F 0 . (21)
The YF coupling and g receive no O(Y 2F ) renormalization to the order in which we are
working [29, 49]. We introduce the renormalization constants,
H0 =
√
ZHH =
(
1 + δZH
2
)
H , (M0W )
2 = M2W
(
1 +
δM2
W
M2
W
)
. (22)
In terms of the renormalized quantities, Eq. 21 becomes
L = − g
2MW
HYFMFFF
(
1 +
δMF
MF
+ δZ2,F + δ3
)
, (23)
with
δ3 =
(
δZH
2
− 1
2
δM2W
M2W
)
. (24)
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The Higgs wave function renormalization is computed from the sum of all 1PI insertions
into the Higgs propagator, −iΠH(p2),
ZH =
[
1− Π′H(p2)|p2=(M0H )2
]−1
, (25)
which at one loop order yields
δZH = Π
′
H(p
2)|p2=(M0
H
)2 . (26)
Similarly, the W mass renormalization can be computed from the sum of all one-particle
irreducible (1PI) insertions into the W propagator.
We now combine these result to obtain the two–loop O
((
YFMF
v
)3)
counterterms for the
gg → H amplitude in the limit MH << 2MF . We have
• from the quark mass counterterms on the internal legs,
A2L, ctMF =
∑
F
[(
i
∂A1L,Fgg→H
∂MF
)
(−iδMF )
]
=
∑
F
[(
MF
∂A1L,Fgg→H
∂MF
)(
δMF
MF
)]
. (27)
The derivative of the one–loop amplitude with respect to the mass of the fermion
gives an extra fermion propagator, upon which we insert the mass counterterm. We
emphasize that the mass counterterm for the fermion F needs to be inserted only
upon the one–loop amplitude containing that fermion. As in the low energy theorem
of Eq. 2, the derivatives only act on mass terms coming from the internal propagators,
and not on the masses from the Yukawa interactions. We should notice that in the
result, Eq. 4, there is cancellation between a mass from the Yukawa vertex, YF
M0
F
v0
,
and a mass from the propagator. With this in mind,
MF
∂A1L,Fgg→H
∂MF
= −(2ǫ+ 1)A1L,Fgg→H , (28)
• from the quark wave function renormalization,
A2L, ctZ2,F = 3
∑
F
[(
iA1L,Fgg→H
)
(iδZ2,F )
]
= −3
∑
F
[
δZ2,F A1L,Fgg→H
]
, (29)
• from the FFg vertex counterterm,
A2L, ctZ1 = 2
∑
F
[
δZ2,F A1L,Fgg→H
]
, (30)
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• from the FFH vertex of Eq. 23,
A2L, ctZY =
∑
F
[
A1L,Fgg→H
(
δMF
MF
+ δZ2,F + δ3
)]
. (31)
Combining these results we obtain
A2L, ctgg→H =
∑
F
{[
−(2ǫ+ 1)δMF
MF
+
(
δMF
MF
+ δ3
)]
A1L,Fgg→H
}
(32)
=
∑
F
[(
−2ǫδMF
MF
+ δ3
)
A1L,Fgg→H
]
. (33)
Since the one–loop result is finite, the counterterm receives a finite contribution from the
pole of the quark mass renormalization and divergencies in the counterterm can only come
from δ3.
III. RESULTS
A. Standard Model
As a check of our technique, we reproduce the well known O(m3t
v3
) contributions to the
gluon two–point function and to the gg → H amplitude in the limit MH → 0 [28, 29]. We
compute, for each diagram, the contractions with gµν and pµpν , which are shown in Table I.
The Standard Model with a massless b quark corresponds to mb = Yb = 0, Yt = 1, and as
a shorthand notation we define mt
v
≡ yt. A massless b quark first enters at two–loops. The
terms of O( p4
m4t
) do not enter into our final results, but are included as a check of our method
and demonstration of gauge invariance.
The diagrams where the bosons (H, φ±, φ0) propagate on a leg (rows 2, 4, 6, and 7 of
Table I) have a symmetry factor of 2. The sum of the entries in Table I is gauge invariant
and gives the Standard Model result
Πµν,2LAB |SM =
αs
16π3
δAB(g
µνp2 − pµpν)[N ]2 y
2
t
3
m−4ǫt , (34)
with [N ] defined according to Eq. 5. This result is finite and therefore, using the low energy
theorem of the previous Section, the two–loop O(y3t ) contribution to the ggH amplitude is
of order O(ǫ).
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gµν contraction pµpν/p
2 contraction
H
t
Ft
[
1 + 3ǫ − p
2
m2t
(
157
72 − 112ǫ + 14ǫ2
)
− p4
m4t
(
509
1350 +
1
10ǫ
)] Ft
[
5
8 +
3
4ǫ +
p2
m2t
(
1
48 − 124ǫ
)
− p4
m4t
1
240
]
H
t
Ft
[
−12 − 32ǫ + p
2
m2t
(
161
288 − 2948ǫ + 18ǫ2
)
− p4
m4t
(
11
75 +
1
10ǫ
)] Ft
[
− 516 − 38ǫ − p
2
m2t
(
1
96 − 148ǫ
)
+ p
4
m4t
1
480
]
ϕ0
t
Ft
[
3 + 1ǫ +
p2
m2t
(
5
24 +
1
12ǫ − 14ǫ2
)
+ p
4
m4t
(
19
180 − 110ǫ
)] Ft
[
7
8 +
1
4ǫ − p
2
m2t
(
5
144 +
1
24ǫ
)
− p4
m4t
1
144
]
ϕ0
t
Ft
[
−32 − 12ǫ + p
2
m2t
(− 596+ 1948ǫ+ 18ǫ2 )
+ p
4
m4t
(
1
18 +
1
10ǫ
)] Ft
[
− 716 − 18ǫ + p
2
m2t
(
5
288 +
1
48ǫ
)
+ p
4
m4t
1
288
]
ϕ−
bt
Ft
[
2 + 1ǫ − p
2
m2t
(
3
16 − 724ǫ
)
+ p
4
m4t
(
167
2160 +
17
360ǫ
)] Ft
[
5
8 +
1
4ǫ − p
2
m2t
(
11
144 +
1
24ǫ
)
− 172 p
4
m4t
]
b
ϕ−
t
Ft
[
−1− 12ǫ + p
2
m2t
(
7+4π2
96 − 548ǫ
+ 1
8ǫ2
)− 7180 p4m4t
] Ft
[
− 516 − 18ǫ + p
2
m2t
(
11
288 +
1
48ǫ
)
+ 1144
p4
m4t
]
ϕ+
b
t Ft
[
−1− 12ǫ − p
2
m2t
(
4π2−9
96 +
1
16ǫ
+ 1
8ǫ2
)− 118 p4m4t
] Ft
[
− 516 − 18ǫ + p
2
m2t
(
11
288 +
1
48ǫ
)
+ 1144
p4
m4t
]
TABLE I: Individual results for the Standard Model contractions. There is a prefactor
Ft = −δab(gµν − pµpν/p2) αs16π3 [N ]2m2−4ǫt y2t , with yt = mt/v.
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The terms needed for the renormalization of the one–loop amplitude are [29, 49, 50]
δmt
mt
|SM = y
2
t
32π2
[N ]m−2ǫt
(
3
ǫ
+ 8
)
,
δZH
2
|SM = − NC
16π2
y2t [N ]m
−2ǫ
t
[
1
ǫ
− 2
3
+O(ǫ2)
]
,
δM2W
M2W
|SM = −NC
8π2
m2t
v2
[N ]m−2ǫt
(
1
ǫ
+
1
2
)
, (35)
where NC = 3. Therefore, from Eq. 24,
δ3 |SM= 7
6
NC
16π2
m2t
v2
, (36)
and the final two–loop O(y3t ) contribution is,
A2Lgg→H |SM= A2L, ctgg→H |SM =
m2t
16π2v2
[
7
6
NC − 3
]
A1Lgg→H |SM
= 0.0016
(
mt
173 GeV
)2
A1Lgg→H |SM , (37)
with
A1Lgg→H |SM = −
αs
3πv
δAB
(
gµνp2 − pµpν) . (38)
Eq. 37 agrees with the results of Refs. [28, 29].
The results of Eq. 37 are to be compared with the total electroweak contribution to
gg → H [28, 30–32, 51]. Assuming that the QCD and EW interactions factorize [33],
the electroweak effects increase the total cross section by ∼ 5% at the LHC [52]. The
dominant role is played by light-fermion loops. The contribution from the top quark, also
beyond the infinite–mass approximation, is just a few % of the light–quark contribution [31].
In order for the O(y3t ) contributions to the cross section to be O(5%), we would have
requiredmt ∼ 700 GeV, suggesting that in models with heavy fermions the two–loop Yukawa
corrections might be the dominant electroweak contribution [34]. We will examine this
possibility in the following Section.
IV. TOP PARTNER SINGLET MODEL
A. The Model
We consider a model with an additional vector–like charge 2
3
quark, T 2, which mixes with
the Standard Model top quark [12–14, 20, 53–55].
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For simplicity we make the following assumptions:
• The electroweak gauge group is the standard SU(2)L × U(1)Y group.
• There is only a single Standard Model Higgs SU(2)L doublet, Φ.
• We neglect generalized CKM mixing and only allow mixing between the Standard
Model -like top quark and the new charge 2
3
singlet quark.
The Standard Model–like fermions are,
ψ1L =

T 1L
bL

 , T 1R , bR , (39)
with the Lagrangian describing fermion masses,
− LSMM = λ1ψ
1
LΦbR + λ2ψ
1
LΦ˜T 1R + h.c. , (40)
where Φ˜ = iσ2Φ
∗. After electroweak symmetry breaking, the Higgs field is given by,
Φ =

 φ+
1√
2
(H + v − iφ0)

 . (41)
Note that regardless of the Yukawa couplings, the Higgs boson and the neutral Goldston
boson always enter in the combination H − iφ0.
The mass eigenstates are t, T and b, where t and b are the observed top and bottom
quarks. The mass eigenstates in the top sector can be found by the rotations:
χtL ≡

 tL
TL

 ≡ U tL

T 1L
T 2L

 , (42)
with ΨL,R ≡ 1±γ52 Ψ. Similar rotations are introduced for the right–handed fermions. The
matrices U tL and U
t
R are unitary matrices and are parameterized as,
U tL =

cos θL − sin θL
sin θL cos θL

 , U tR =

cos θR − sin θR
sin θR cos θR

 . (43)
The most general CP conserving fermion mass terms allowed by the SU(2)L×U(1)Y gauge
symmetry are,
− LM = −LSMM + λ3ψ
1
LΦ˜T 2R + λ4T
2
LT 1R + λ5T
2
LT 2R + h.c.
= χtL
[
U tLM
tU t†R
]
χtR + λ1
v√
2
bLbR + h.c. , (44)
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where
M t =

λ2 v√2 λ3 v√2
λ4 λ5

 . (45)
We can always rotate T 2 such that λ4 = 0 and so there are 3 independent parameters in the
top sector, which we take to be the physical masses, mt and MT , along with the left mixing
angle, θL. In the following we will abbreviate sL ≡ sin θL, cL ≡ cos θL.
The couplings of the heavy charge 2
3
quarks to the Higgs boson are [20],
− LH = mt
v
c2LtLtRH +
MT
v
s2LTLTRH + sLcL
MT
v
tLTRH + sLcL
mt
v
TLtRH + h.c.
=
mt
v
c2LttH +
MT
v
s2LTTH + sLcL
MT +mt
2v
(
tT + T t
)
H
+sLcL
(
MT −mt
2v
)(
tγ5T − Tγ5t
)
H . (46)
The charged current interactions are,
LCC = − g√
2
(
cLtLγµbL + sLTLγµbL
)
W µ + h.c. . (47)
Finally, the neutral current interactions are,
LNC = g
cos θW
Σi=t,T
{
fiγ
µ
[
(giL + δg
i
L)
(
1− γ5
2
)
+ (giR + δg
i
R)
(
1 + γ5
2
)]
fi
}
Zµ
+
g
cos θW
Σi 6=j
{
fiγ
µ
[
δgijL
(
1− γ5
2
)
+ δgijR
(
1 + γ5
2
)]
fj
}
Zµ , (48)
where giL = T
i
3 − Qis2W , giR = −Qis2W , sW is the sine of the Weinberg angle, Qi the electric
charge of the quark and T i3 = ±12 . The anomalous couplings are
δgtL = δg
T
L = −
s2L
2
,
δgtR = δg
T
L = δg
tT
R = 0 ,
δgtTL =
sLcL
2
. (49)
It is straightforward to use the above expressions to calculate the contributions of the
top partners to the oblique parameters, ∆S,∆T and ∆U , and to parameters measured in
Z → bb [13, 14, 20]. The most stringent restrictions are found from the oblique parameters
and are shown in Fig. 1. In the limit MT ∼ mt ≫MW , the top partner contributions to the
T parameter are [20, 56],
∆T ∼ 3
16π sin2 θW
(
M2T −m2t
M2W
)
s2L . (50)
13
800 1200 1600 2000 2400 2800
MT (GeV)
0
0.05
0.1
0.15
0.2
0.25
sin
θ L
(m
ax
)
Limits on Top Partner Singlet from Oblique Parameters
MH=125 GeV
FIG. 1: Maximum allowed mixing angle, sin θL, in the singlet top partner model from oblique
parameters [20].
A scan over parameter space in the top singlet model [20] using the exact results for ∆S,
∆T and ∆U confirms the accuracy of the approximate relationship of Eq. 50 in the exper-
imentally allowed region. It is clear that the heavy T contributions decouple in the limit
sL → 0. Comparison with Eq. 46 shows that the mixed tγ5TH pseudoscalar couplings of
the Higgs to top partners are proportional to ∆T and hence must be highly suppressed. We
therefore neglect these pseudoscalar couplings in the next Section. We also note that the
T particle can be very heavy without being restricted by the requirement of perturbative
unitarity in FF → FF scattering [57, 58],
s2LMT < 550 GeV (unitarity bound) . (51)
For example MT =2 TeV requires only sL < 0.5 to preserve unitarity.
Limits on the direct production of the top partner have been obtained by CMS [10] as a
function of the branching ratios, T →W+b, T → Zt, and T → Ht. These branching ratios
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FIG. 2: Branching ratios of the top partner, T , in the singlet top partner model.
are easily computed and are shown in Fig. 2,
Γ(T →W+b) = GF
8π
√
2
MTλ
1/2(MT , mb,MW )s
2
L(1 + x
2
W − 2x4W )
Γ(T → Zt) = GF
16π
√
2
MTλ
1/2(MT , mt,MZ)s
2
Lc
2
L(1 + x
2
Z − 2x2t − 2x4Z + x4t + x2Zx2t )
Γ(T → Ht) = GF
16π
√
2
MTλ
1/2(MT , mt,MH)s
2
Lc
2
L(1 + 6x
2
t − x2H + x4t − x2tx2H) (52)
where λ(a, b, c) = a4 + b4 + c4 − 2(a2b2 + a2c2 + b2c2), xi = MiMT , and we neglect the b mass.
The results are rather insensitive to sL, as is obvious from Fig. 2.
In the following Sections, we compute the two–loop Yukawa enhanced contribution to
gg → H in the top partner singlet model using the low energy theorem.
B. Contributions from off-diagonal terms
We first present results for the two–loop corrections to the gluon self-energy coming from
diagrams involving two heavy quarks, T and t, and a neutral boson, eitherH or φ0. Examples
of such diagrams are shown in Fig. 3. We consider a general interaction Lagrangian
15
FIG. 3: Two-loop contributions to the gluon self-energy from “mixed” diagrams.
−LN.C.Φ = (tLytttR + tLytTTR + TLyTTTR + TLyTttR)(H + iφ0) + h.c.
= H
[
tYttt+ tYtTT + TYTTT + TYTtt+ γ5
(
tAtTT + TATtt
)]
+iφ0
[
tAtTT + TATtt+ γ5
(
tYtTT + TYTtt
)]
, (53)
where the couplings are assumed real. We defined
Yqq′ =
yqq′ + yq′q
2
, Aqq′ =
yqq′ − yq′q
2
. (54)
The diagonal interactions are pure scalar, as in the Standard Model. The corresponding
contributions to the two–loop gluon self-energy can be obtained by rescaling the results of
Table I. We report here the contributions from the off–diagonal terms and the corresponding
effects on the ggH interaction in terms of the general Lagrangian, Eq. 53. We will then adapt
them to the top partner singlet model.
The two–loop mixed diagrams with two different quarks and a Higgs boson exchange
contribute,
Πµν,2LAB |mixed,H =
αs
192π3
δAB
(
gµνp2 − pµpν) [N ]2m−4ǫt
[
1
ǫ
(
∆− + 4
a2 + 1
a
∆+
)
+
5
2
∆− + 4
a2 + 1
a
∆+ + 4
log a
a2 − 1
(
∆− − 2a
4 − a2 − 2
a
∆+
)]
, (55)
where we introduced the shorthand notation a = MT /mt, ∆+ = YtTYTt + AtTATt, and
∆− = YtTYTt − AtTATt. This result correctly reproduces the limit for MT → mt of Table I
for zero pseudoscalar couplings and YtT = YTt → mtYt/v. From the Lagrangian of Eq. 53,
the contribution from the mixed diagrams with the exchange of a neutral Goldstone boson
is
Πµν,2LAB |mixed,φ0= −Πµν,2LAB |mixed,H (Yqq′ ↔ Aqq′) , (56)
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FIG. 4: Off–diagonal contributions to the quark (left) and Higgs (right) self energy.
so that in the sum the terms which are symmetric under the exchange of T and t cancel and
the total result from the mixed diagrams of Fig. 3 is,
Πµν,2LAB |mixed =
αs
96π3
δAB
(
gµνp2 − pµpν) [N ]2m−4ǫt ∆−
(
1
ǫ
+
5
2
+ 4
log a
a2 − 1
)
. (57)
Again, this correctly reproduces the limit MT → mt from the sum of the first four entries of
Table I (accounting for a factor of 2 for the two heavy quarks and (3−2ǫ)−1 for the projector
of Eq. 8).
Applying the low energy theorem, Eq. 2, the scalar ggH vertex receives a finite correction
A0,2Lgg→H |mixed =
αs
24π3v
δAB
(
gµνp2 − pµpν)∆− 1
a2 − 1
[
YT − a2Yt − 2(YT − Yt) a
2
a2 − 1 log a
]
.
(58)
The off–diagonal couplings yield new contributions to the renormalization of the quark
mass and of the Higgs wave function (Fig. 4),
δmt
mt
|mixed = 1
16π2
[N ]m−2ǫt ∆−
[
1
ǫ
+ 2 + a2 − 2a4 log a + (a4 − 1) log |a2 − 1|
]
,
δZH
2
|mixed = −NC
8π2
[N ]m−2ǫt
[
∆−
ǫ
+
∆−
2
a6 − 7a4 + 7a2 − 1− 4a4(a2 − 3) log a
(a2 − 1)3
−∆+aa
4 − 1− 4a2 log a
(a2 − 1)3
]
. (59)
These results correctly reproduce the Standard Model limit, Eq. 35, from the top quark con-
tribution when ∆+ = ∆− → (m
2
t
v2
) and a→ 1. (Note that for the quark mass renormalization
one also needs to add the contribution from the b quark loop, as in the Standard Model).
The W mass receives contributions from t − b and T − b loops. They have the same form
as in Eq. 35 up to rescaling factors VtbV
∗
bt, VTbV
∗
bT from modifications of the heavy–quark
couplings to the W bosons with respect to the Standard Model. These modifications are
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related to the deviations in the FF
′
H vertex. In the singlet top partner model we consider,
both come from the mixing among quarks of the same quantum numbers. Poles will cancel
once we consider an explicit model where these relations are clear. Since the two–loop am-
plitude, Eq. 58, is finite and the quark mass renormalization only contributes a finite term
(Eq. 33), we expect δ3 to be finite.
C. Results for Top Partner Model
We now turn to the top partner singlet model described at the beginning of this Sec-
tion. The two–loop gluon self–energy containing only heavy quarks of one kind, either t
or T , is finite, as shown in Eq. 34. Therefore, there is no contribution to the unrenormal-
ized two–loop amplitude, A0,2Lgg→H, coming from the diagonal fermion interactions of Eq. 46.
Applying the couplings of Eq. 46 to the general result of Eq. 59, the diagrams containing
off–diagonal mixings between different heavy quarks and the bosons inside the loop yield a
contribution,1
A0,2Lgg→H |s = A0,2Lgg→H |mixed
= − m
2
t
16π2v2
s2Lc
2
L
a2 + 1
a2 − 1
[
s2L − a2c2L + (c2L − s2L)
2a2
a2 − 1 log a
]
×A1Lgg→H |s .(60)
We normalized the result to the one–loop ggH amplitude in the top partner singlet model,
A1Lgg→H |s = −
αs
3πv
δAB(g
µνp2 − pµpν) . (61)
Note that in the infinite mass approximation, this is the same as the Standard Model
amplitude, Eq. 38. Only finite mass corrections yield deviations from the Standard Model
result [20].
The low energy theorem as formulated in Eq. 2 does not reproduce the diagrams where
the external Higgs boson couples to two different quarks. From Eq. 46, we see that these
pseudo-scalar couplings are proportional to sL(MT − mt) ∼ ∆T and are restricted by the
measurements shown in Fig. 1 to be small. Neglecting them is thus a reasonable approxi-
mation.
1 We use the subscript ‘s’ to denote quantities in the top singlet model.
18
From Eq. 47, the couplings of the heavy quarks to the W boson in the singlet model are
rescaled by Vtb = V
∗
bt = cL, VTb = V
∗
bT = sL, and the W−mass renormalization is,
δM2W
M2W
|s = − NC
8π2v2
[N ]
(
1
ǫ
+
1
2
)
m2−2ǫt
[
c2L + s
2
La
2(1− 4 log a)
]
. (62)
The wave function renormalization is found by rescaling the Standard Model results
of Eq. 35 by c4L for the t contribution, s
4
L for the T contribution, and adding the mixed
contribution of Eq. 59 using the couplings of Eq. 46,
δZH
2
|s = − NC
16π2v2
[N ]m2−2ǫt
[
a2s2L + c
2
L
ǫ
− 2
3
(a2s4L + c
4
L)− 2a2 log a s4L
+ s2Lc
2
L
a8 − 10a6 + 10a2 − 1− 4a4(a4 − 2a2 − 7) log a
2(a2 − 1)3
]
. (63)
From the general result of Eq. 24, we obtain
δ3 |s = NC
96π2v2
m2t
[
4(c4L + s
4
La
2) + s2La
2(3− 12c2L log a) +
3c2L
(
1− s2L
a6 − 9a4 − 9a2 + 1
(a2 − 1)2
)
+ 12s2Lc
2
La
4 log a
a4 − 2a2 − 7
(a2 − 1)3
]
. (64)
As we anticipated, the poles in the W mass and the Higgs wave function renormalization
cancel and δ3 is finite. In the limits cL → 1 or sL → 1 only one heavy quark (t or T ,
respectively) couples to the Higgs, and Eq. 64 correctly reproduces the Standard Model
infinite–mass result of Eq. 36. The final ingredient that we need for the two–loop renormal-
ization are the poles of the heavy quark mass renormalization constants. Combining Eqs. 35
and 59,
δmt
mt
|s,ǫ = 1
ǫ
1
32π2v2
m2t c
2
L
[
3c2L + s
2
L(a
2 + 1)
]
,
δMT
MT
|s,ǫ = 1
ǫ
1
32π2v2
m2ts
2
L
[
3s2La
2 + c2L(a
2 + 1)
]
. (65)
From Eq. 33 the two–loop counterterm is,
A2L, ctgg→H |s =
m2t
64π2v2
1
(a2 − 1)2
[
a6 + 5a4 + 5a2 + 1
− (a2 − 1)311 cos(2θL)− 3 cos(6θL)
8
− 6a2(a2 + 1) cos(4θL)
+ 6a2 log a
a4 − 10a2 + 1
a2 − 1 sin
2(2θL)
]
×A1Lgg→H |s , (66)
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where for simplicity we set NC = 3. The renormalized two–loop amplitude then reads
A2Lgg→H |s =
1
256π2v2
m2t
(a2 − 1)3
{
5a8 + 14a6 − 14a2 − 5
+8 sin2(2θL)a
2 log a
[
3(a4 − 10a2 + 1)− (a4 − 1) cos(2θL)
]
− cos(2θL)(a2 − 1)2(5a4 − 12a2 + 5)− cos(4θL)(a8 + 22a6 − 22a2 − 1)
+ cos(6θL)(a
2 − 1)2(a4 − 4a2 + 1)
}
×A1Lgg→H |s . (67)
This reproduces the Standard Model result of Eq. 37 for θL = 0 and in the a → 1 limit
for θL = π/2, i.e., when only one heavy quark of mass mt runs in the loops with Standard
Model–like couplings. For small mixing, as required by the precision electroweak results,
Eq. 67 reduces to,
A2Lgg→H |s →
m2t
32π2v2
[
1 +
2θ2L
(a2 − 1)2
(
15a4 + 8a2 + 1 + 4a2 log a
a4 − 15a2 + 2
a2 − 1
)]
A1Lgg→H|s .
(68)
In the limit of small δ ≡MT −mt, but for arbitrary mixing,
A2Lgg→H|s→
m2t
32π2v2
[
3− 2 cos(4θL)− δ
6mt
sin2 θL
(
7 cos(4θL)− 34 cos(2θL)− 53
)]
A1Lgg→H |s .
(69)
Finally, for almost degenerate quarks with small mixing both these expansions reduce to
A2Lgg→H|s →
m2t
96π2v2
(
3 + 48θ2L + 40
δ
mt
θ2L
)
A1Lgg→H |s . (70)
The first correction in the small δ
mt
parameter is further suppressed by the small mixing,
and is therefore subleading with respect to the θ2L correction.
In the δ → 0 limit there are no tγ5tH contributions, and the low energy theorem repro-
duces all contributions.
D. Phenomenology
In this Section, we consider the phenomenological implications of the Yukawa corrections
to the top partner model given in the previous Section. At one–loop, the amplitude for
gg → H is identical to the Standard Model rate up to corrections of O(M2H
M2
T
) [20], and large
deviations are therefore first possible at the two–loop level. In Fig. 5, we show the effects of
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FIG. 5: 1000 times the contribution from the two–loop Yukawa amplitude of Eq. 67 divided by the
one–loop Yukawa amplitude in the Top Partner Singlet Model as a function of the mixing with the
Standard Model top quark.
the two–loop contributions relative to the one–loop contribution (including only the Yukawa
terms calculated here), without keeping into account the bounds from electroweak precision
data. We quantify these effects through the K−factor
KY =
A2Lgg→H |s
A1Lgg→H |s
. (71)
Only for ridiculously large values of the mixing parameter, sL ∼ 1, do the effects of the
Yukawa corrections reach the level of a few %. Effects are even smaller if we restrict ourselves
to the allowed region of Fig. 1 (Figs. 6 and 7). In Fig. 6, we show how the Yukawa corrections
increase with the mixing angle for a fixed MT = 800 GeV, in the range allowed by precision
electroweak measurements. The behavior is consistent with the small–angle expansion of
Eq. 68. Finally, in Fig. 7, we show the dependence on the heavy mass MT . For large values
of MT to be allowed, we need to restrict ourselves to a small mixing angle. It is clear that
these two–loop Yukawa corrections are always at the sub-percent level. In order to obtain
large Yukawa corrections, we would need to construct a more complicated model where
large mixing with the Standard Model fermions was not forbidden by electroweak precision
measurements.
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V. CONCLUSIONS
We have considered the two–loop O
((
YFMF
v
)3)
contributions to gg → H using the low
energy theorem and our analytic results will be of use to future model builders. These
corrections are well known and small for the Standard Model. In the singlet top partner
model there are contributions of O
((
YFMF
v
)3)
to Higgs production via gluon fusion which
are potentially important. These corrections are suppressed, however, by a mixing angle,
sL, which is restricted by precision electroweak measurements to be small, and we find
that the Yukawa corrections in this model are at the sub-precent level. This reinforces our
conclusions from a previous work, that the singlet top partner model represents an example
where the gluon fusion Higgs production rate will be almost identical to that of the Standard
Model and hence precision measurements of the rate will be insensitive to the new physics.
Exploring this class of models will require the direct observation of the top partners.
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